Abstract-In this paper, we present a novel design for an end-fire antenna, which generalizes the concept of conventional Yagi-Uda antenna by introducing multiple driven elements. Through using the method of maximum power transmission efficiency, the optimal distribution of excitations for the multiple driven elements can be obtained, and the end-fire gain of the array can be significantly improved in comparison with the conventional Yagi-Uda antenna with a single driven element. In order to demonstrate the new idea, two different types of antenna arrays are designed and fabricated. The first design uses a split-ring resonator (SRR) as radiating element. Compared to similar planar Yagi-Uda SRR antenna arrays previously reported, the number of antenna elements can be reduced from fifteen to eight, and the longitudinal dimension is significantly reduced by 46% while the same performances are maintained with the gain reaching 11.7 dBi at 5.5 GHz. In the second design, printed half-wavelength dipoles are used as the antenna elements. It is shown that an eight-element dipole array with four driven elements has a peak gain of 13.4 dBi at 2.45 GHz, which is 1.8 dB higher than the conventional printed Yagi-Uda dipole antenna array with the same number of elements.
INTRODUCTION
Yagi-Uda antenna is known for its high gain, low cost, and end-fire radiation, which usually consists of one driven element, one reflector, and several directors [1] [2] [3] . In order to maximize the gain and frontto-back ratio (FBR) of Yagi-Uda antenna, the size and geometry of elements, and the spacing among elements must be optimized [4, 5] . Although the dipole has been commonly used as radiating elements of Yagi-Uda antenna, there are many other options for selecting the radiating elements. For example, a rectangular microstrip patch can be used as the radiating element of Yagi-Uda antenna [6] . The design has many advantages such as low profile, light weight, and low cost. One apparent drawback of the design is that it cannot really achieve the end-fire radiation due to the existence of a ground plane. Many other low profile Yagi-Uda antennas have also been investigated [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Among them, a planar Yagi-Uda antenna was proposed by using a split-ring resonator (SRR) as the radiating element [25] . It consists of 15 elements and has an end-fire gain of 11.3 dBi at 5.5 GHz, and the width is only a quarter wavelength at its center frequency. Although the transverse dimension is considerably reduced in the design, the number of directors must be big enough to ensure that the performances are comparable to those of a Yagi-Uda antenna consisting of half-wavelength dipoles. Recently, a printed dipole array operating at 2.45 GHz was introduced in [26] , in which the end-fire gain and FBR can be optimized by using the method of maximum power transmission efficiency (MMPTE) [27, 28] .
In this paper, we propose a novel design for end-fire antennas which are similar to conventional Yagi-Uda antennas but have more than one driven elements. We call the design generalized Yagi-Uda antenna. To demonstrate the advantages of the generalized Yagi-Uda antenna, two designs are presented. The first design is based on SRR elements, working at 5.5 GHz for wireless local area network (WLAN) and includes five driven elements. Through the control of amplitude and phase distribution of driven elements, the size of the classical Yagi-Uda array can be significantly reduced. Compared with a similar design in [25] , the longitudinal dimension of arrays is reduced by 46% while maintaining the same lateral dimension and end-fire gain. It is also demonstrated that the end-fire gain and FBR can be further improved by increasing the number of directors when the number of driven elements is kept the same. The second design operates at 2.45 GHz for Wi-Fi applications and makes use of printed halfwavelength dipole as radiating element. It has four driven elements, one reflector, and three directors. The measurements and simulations indicate that the end-fire gain reaches 13.4 dBi, which is 1.8 dB higher than the traditional printed dipole Yagi-Uda antenna with the same number of elements and size.
DESIGN METHOD
A key step in the design of a generalized Yagi-Uda antenna is to determine the excitations for the multiple driven elements. To obtain an optimized distribution of excitations for the multiple driven elements, which yields the highest gain and efficiency, MMPTE can be used. MMPTE is based on the fact that all wireless systems are designed to maximize the power transmission efficiency between the transmitter and receiver, and the power transmission efficiency can thus be considered as a natural performance index for antenna design. MMPTE has been widely used in the design of near-field focused antennas [29] , wireless power transmission systems in complicated environments [30] , smart antennas [31] , and beam-shaping antennas in the far-and near-field regions [32] . For clarity and completeness, we give a brief introduction to the MMPTE. Consider the wireless power transmission system shown in Fig. 1 , where the antenna array to be designed is used for transmitting, and a test antenna, separated by a distance D from the transmitting antenna, is utilized for receiving. The test receiving antenna is located in the far-field region of transmitting array and positioned in the direction where the gain needs to be boosted. The whole system constitutes a network containing N a + 1 ports, where N a denotes the number of driven elements and can be characterized by scattering parameters as follows
where
and
are respectively the normalized incident and reflected waves for the wireless power transmission system. Subscript 't' and 'r' represent the transmitting and receiving antennas, respectively, and superscript 'T ' stands for the transpose operation. The power transmission efficiency (PTE), denoted by η, between the transmitting antenna array and receiving antenna is defined as the ratio of the power delivered to the load of the receiving antenna to the total input power of the transmitting antenna array
Assume that the receiving antenna is well matched, so we have [a r ] = 0. Making use of Eq. (1), Eq. (2) can be written as the Rayleigh quotient as follows
where (·, ·) denotes the usual inner product of two column vectors; [A] and [B] are two matrices defined by
where superscript 'H' denotes the Hermitian operation, and I is the identity matrix. If the transmitting array is well matched at all ports, then we have
If the PTE reaches an extremum, Eq. (3) is reduced to an eigenvalue equation
from variational analysis. Here matrix [A] can be obtained by simulation tools or by measurements if the system is too complicated to be handled by a computer [30] . By solving the eigenvalue of Equation (4), the maximum possible PTE can be determined. Note that the mutual couplings among the transmitting antenna elements and environmental factors have already been included in the scattering matrix. Also note that Equation (4) has only one positive eigenvalue, and the rest are zeros since the rank of matrix [A] is unit in this case. Therefore, the unique nonzero eigenvalue of Equation (4) gives the maximum power transmission efficiency between the antenna array and the test receiving antenna, and the corresponding eigenvector is the optimal excitation for the antenna array in the sense that the PTE between the transmitting array and test receiving antenna is maximized. By designing a feeding network that realizes the optimized distribution of excitations for the driven elements, the maximum gain can be achieved in the direction where the test receiving antenna is positioned for a fixed arrangement of the antenna elements. The details of the optimization theory are given in [27] and [28] .
ANTENNA DESIGNS AND RESULTS

Generalized Yagi-Uda SRR Antenna
A Yagi-Uda antenna using split-ring resonators (SRRs) has been studied in [25] . The lateral dimension of SRR is only a quarter wavelength at its second resonance frequency, while its radiation characteristics are similar to a half-wavelength dipole [33] . We now show that the longitudinal dimension of SRR Yagi-Uda antenna can be further reduced by introducing multiple driven elements. The first design is named array 1, and the SRR element used is shown in Fig. 2 , where the average radius r is calculated by r = λ 0 /11 (λ 0 is the working wavelength in free space) so that its radiation resistance is close to 50 Ω [25] . Thus the radius is determined to be 5.2 mm when the working frequency is 5.5 GHz. The dimensions of the SRR are as follows: the strip width w = 0.5 mm; the internal and external ring spacing d = 0.35 mm; the split width of external ring c = 1.3 mm; and the width of the port g = 0.762 mm. Array 1 consists of five driven elements, one reflector, and two directors. For a fair comparison, the sizes of directors and reflector are selected to be the same as in [25] . The spacing between driven elements is selected to be 17.8 mm; the size of reflector is selected to be 3% larger than driven elements; the spacing between the reflector and driven element next to it is set to 18 mm; the size of directors is 4% smaller than the driven elements; and the spacing between two adjacent directors is chosen to be 17.5 mm. Note that the sizes of antenna elements and spacings among the parasitic elements are determined by empirical formula [4, 5] . The optimized spacing between adjacent driven elements can be obtained by simulations using the HFSS. It is easy to see from Fig. 3 that the maximum end-fire gain is reached when the inter-element spacing is about 18 mm, explaining why this number is chosen in our design. The optimized parameters of the different type of elements are listed in Table 1 . To determine the excitations for the driven elements, a six-port power transmission system can be formed by using the five driven elements (N a = 5) for transmitting and a test antenna for receiving. By solving the eigenvalue of Equation (4), the optimized excitations can be obtained. The optimized results of the distribution of excitations for the proposed antenna array are listed in Table 2 in which the realized distribution of excitations of the feeding network is also shown and agrees with the optimized one. Because the maximum radiation direction is in the positive y-axis with the same spacing between the driven elements, the amplitude of the excitations gradually increases while the phase difference between driven elements is approximately the same. [25] , the radiating elements are etched on an ArlonCU 250LX dielectric substrate with thickness of h1 = 0.49 mm, relative permittivity of ε r = 2.43, and loss tangent of 0.0022. The length of substrate 1 is L s = 140 mm (2.54λ 0 ), and the width is W s = 14 mm (0.25λ 0 ). Rogers-4003 dielectric substrate 2 is used for the feeding network, with thickness of h 2 = 0.762 mm, relative permittivity of ε r = 3.55, and loss tangent of 0.0027. The length of substrate 2 is L f = 90 mm, and the width W f = 12 mm. The microstrip feeding network is deployed on substrate 2 with a metal ground to realize the optimized distribution of excitation. For the current design, substrate 2 is glued to substrate 1. In practice, 3D printing technique can be used to build the system as a whole. Note that the feeding network can also be realized by other feeding methods. For example, one can use a separate feeding circuit consisting of phase shifters and attenuators as illustrated in [31] .
A photograph of the fabricated array 1 is shown in Fig. 5 . The simulated and measured reflection coefficients are shown in Fig. 6 . It can be seen that the reflection coefficient S 11 is less than −10 dB Fig. 7(a) and (b) , respectively, which agree well with the simulated ones. Moreover, the antenna exhibits an end-fire gain of 11.7 dBi with a radiation efficiency of 94% and FBR of 13.4 dB (see Fig. 7 ). Compared with [25] , the longitudinal dimension of proposed antenna array is reduced by 46% while the same end-fire gain and lateral dimension are maintained. Fig. 8 indicates that the measured end-fire gain varies from 8.7 to 12 dBi within the working band.
As the number of directors increases, the end-fire gain increases accordingly. Fig. 9 shows how the gain changes with the number of directors. The end-fire gain increases from 11.7 to 13.3 dBi as the number of directors increases from 2 to 9. For N a = 5 and N d = 9, the end-fire gain is 2 dB higher than the fifteen-element array in [25] . To further improve the FBR and end-fire gain, a generalized Yagi-Uda SRR antenna with five driven elements and four directors, named array 2, has been designed and is shown in Fig. 10 . The longitudinal dimension is increased to 175 mm (3.18λ 0 ), but it is still 31% less than in [25] . The measured and simulated E-plane and H-plane radiation patterns are shown in Figs. 11(a) and (b) . The measured end-fire gain is increased to 12.4 dBi, which is 1.1 dB higher than in [25] , and the FBR is 14.8 dB. It should be mentioned that increasing the number of reflectors does not have substantial improvements on the antenna performances.
The comparison between the generalized Yagi-Uda arrays and conventional planar Yagi-Uda arrays is also shown in Table 3 . Compared with the antenna array in [14] , the gain of array 1 is 1.3 dB higher, while its dimensions are considerably reduced. 
Generalized Yagi-Uda Dipole Antenna
Our second design uses half-wavelength dipoles as the antenna elements. An eight-element generalized Yagi-Uda antenna with four driven elements and three directors (N a = 4, N d = 3), operating at 2.45 GHz for Wi-Fi applications, is investigated. The four driven elements (N a = 4) plus the test receiving antenna constitute a five-port power transmission system, which is used to determine the optimized distribution of excitations. The radiating elements are printed on Rogers-4003 substrate 1, with relative permittivity of ε r = 3.55 and loss tangent of 0.0027. Similarly, a microstrip feeding network is designed on Rogers-4003 substrate 2 with a metal ground to realize the optimized distribution of excitation. The configuration of the generalized Yagi-Uda dipole antenna array and a photo of the fabricated antenna are illustrated in Fig. 12 . The optimized parameters of the design are listed in Table 4 . The realized distribution of excitations of the feeding network is shown in Table 5 , which agrees well with the optimized one. and FBR of the generalized design are respectively 1.8 and 6.8 dB higher than the conventional YagiUda dipole array (N a = 1, N d = 6). Fig. 15 indicates that the measured and simulated end-fire gains change from 11.7 to 13.5 dBi in the operating frequency band. It would be interesting to investigate the relationship between the number of driven elements and the end-fire gain when the total number of radiating elements is fixed. Fig. 16 shows how the end-fire gain changes with the number of driven elements. As the number of driven elements N a increases from 2 to 4 (the number of directors N d correspondingly decreases from 5 to 3), the end-fire gain increases from 12 to 13.4 dBi at 2.45 GHz. The end-fire gain starts to decrease if the number of driven elements further increases. This explains why four driven elements are selected in the design of the eight-element dipole array.
CONCLUSION
In this paper, the design concept of the conventional Yagi-Uda antenna is generalized by introducing multiple driven elements. The distribution of excitations for the generalized Yagi-Uda antenna is optimized by using MMPTE. In order to demonstrate the advantages of the new idea, two different types of antenna arrays are designed and fabricated. The first design uses SRR as radiating elements, which has five driven elements, one reflector, and two directors, working at 5.5 GHz for WLAN applications. Compared to similar planar Yagi-Uda antenna arrays previously reported, the number of antenna elements can be reduced from fifteen to eight, and the longitudinal dimension is significantly reduced by 46%. It is also shown that the end-fire gain and FBR can be further improved by increasing the number of directors. The second design uses printed dipole as antenna elements, which includes four driven elements, one reflector, and three directors and operates at 2.45 GHz for Wi-Fi applications. The end-fire gain and FBR are respectively 1.8 dB and 6.8 dB higher than the conventional Yagi-Uda dipole antenna with the same number of radiating elements.
